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ABSTRACT
We analyze a 162 ks HETG Chandra observation of the O7.5 III(n)((f)) star ξ Per,
together with contemporaneous Hα observations. The X-ray spectrum of this star is
similar to other single O stars, and not pathological in any way. Its UV wind lines
are known to display cyclical time variability, with a period of 2.086 days, which is
thought to be associated with co-rotating interaction regions (CIRs). We examine the
Chandra and Hα data for variability on this time scale. We find that the X-rays vary
by ∼ 15% over the course of the observations and that this variability is out of phase
with variable absorption on the blue wing of the Hα profiles (assumed to be a surrogate
for the UV absorption associated with CIRs). While not conclusive, both sets of data
are consistent with models where the CIRs are either a source of X-rays or modulate
them.
Key words: stars: individual (HD 24912)— stars: early-type— stars: winds, outflows
— X-rays: stars
1 INTRODUCTION
X-ray emission is ubiquitous in the O stars and taken
as an indication of dynamic instabilities in their winds
(Lucy & White 1980; Lucy 1982; Owocki et al. 1988;
Feldmeier et al. 1997). These 1-D hydrodynamical models
predict a plasma with temperature ∼ 1 –10MK, which is
permeated with cool wind clumps. The models also pre-
dict very strong stochastic X-ray variability, on time scales
of hours. However, it has been clear since early X-ray ob-
servations, that stochastic variability on such short time
scales is very small, less than about 1%. To explain this,
Cassinelli (1983) suggested that the winds contain thou-
sands of shocks, and Feldmeier et al. (1997) speculated that
models with full 2-D hydrodynamics would reduce the pre-
dicted level of stochastic X-ray variability. In the most ex-
tensive analysis to date, Naze´ et al. (2013) examined high
⋆ Based on data obtained with the Chandra X-Ray Observatory.
† E-mail: dmassa@spacescience.org
quality XMM-Newton observations of the early O supergiant
ζ Pup. They used an ad hoc 2-D wind model and found that
the lack of stochastic X-ray variability on short time scales
required a highly fragmented wind with a huge number of
small clumps. In this picture, a stellar wind consists of a
large population of cool clumps, which contain the bulk of
the stellar wind matter seen at UV, optical, IR and radio
wavelengths, and a tenuous hot interclump medium respon-
sible for the X-rays. Further evidence for small scale clump-
ing has come from the analysis of optical and UV wind
lines. Hillier (1991) found that it was necessary to intro-
duce clumping to explain the shapes of electron scatter-
ing emission line wings in Wolf-Rayet (WR) stars. Given
the 1-dimensional nature of his model, this would imply
the presence of either concentric shells or random struc-
tures whose size and separation are much smaller than the
Sobolev length, so that the angle integrations are meaning-
ful. Stochastic variable features in the He ii λ4686 A˚ emis-
sion line in ζ Pup were found by Eversberg et al. (1998),
and explained as excess emission from the wind clumps.
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Markova et al. (2005) investigated Hα line-profile variability
in a large sample of O-type supergiants, and concluded that
the observed variability can be explained by a wind model
consisting of coherent or broken shells. Le´pine & Moffat
(2008) presented direct spectroscopic evidence of clumping
in O and WR star winds.
Besides this small scale clumping, a different, perhaps
related, aspect of O star winds is that all of them which
have been observed over time scales of a day or more
demonstrate temporally coherent UV wind line variability
(e.g., Massa et al. 1995; Kaper et al. 1996, 1999). This phe-
nomenon suggests the presence of large structures in their
winds which may originate from large regions on the surface
of the star. These results led Cranmer & Owocki (1996) to
model wind variability by large spiral structures known as
Co-rotating Interaction Regions (CIRs, Mullan 1986). These
structures originate from large regions of enhanced wind
flux on the surface of the star, although the exact cause
of the enhanced wind remains unexplained. Hamann et al.
(2001) showed that the observed UV line variability can-
not be simply explained as a consequence of rotation in the
framework of the CIR model, and a more complex interplay
between rotation and radial velocity is taking place. Fur-
ther, Prinja & Massa (2010) analyzed the doublet ratios of
wind lines of a large number of B supergiants. Their results
demonstrated that the spectral signature of large, optically
thick wind structures which cover only a portion of the line
of sight to the stellar disk (most likely CIRs) is common in
the B supergiants.
The interplay between CIRs and small scale clump-
ing is largely unexplored. A crude analysis by Owocki
(1999) suggested an intricate interaction between the
two. Lobel & Blomme (2008) considered 3-D hydrodynamic
models of CIRs. While their models could reproduce the de-
tailed time evolution of UV spectral features in a B-type su-
pergiant, they expressed concern that too much small scale
clumping could destroy the CIRs. Whatever the mechanism
of X-ray production, the presence of large scale structures in
stellar winds should leave a footprint on the X-ray emission.
In particular, X-ray variability on a time scale compatible
with the stellar rotation period should be present, and this
X-ray variability should correlate with UV wind line vari-
ability. However, there are considerable observational ob-
stacles to establishing a link between X-ray and UV wind
line variability for single, normal O stars. First, the CIRs
are thought to be confined to the equatorial plane. Conse-
quently, variability may not be seen unless our line of sight
to the star is relatively close to equator-on. Second, the stel-
lar rotation period for most O stars is several days. This
is considerably longer than the typical X-ray observation,
so variability could easily be missed. Third, there are only
a few stars which have been observed in the UV over long
enough intervals for good wind line periods to be identified,
and such a period is needed to claim a definite connection
between X-ray and UV wind line variability. Fourth, binary
stars with colliding stellar winds must be excluded from any
investigation of the connection between X-rays and large
scale wind structure.
Despite these hurdles, observational evidence support-
ing a link between CIRs and X-ray emission from stellar
winds is mounting. Recently, X-ray variability of ∼ 20%
and on the time scale of recurrent DACs was detected in
the WR star EZ CMa, and explained in the framework of
the CIR model (Oskinova et al. 2012; Ignace et al. 2013).
More relevant to the current paper, is the work on O
stars by Bergho¨fer et al. (1996), Oskinova et al. (2001) and
Naze´ et al. (2013). Bergho¨fer et al. (1996) found a marginal
detection of a periodic X-ray variability in ζ Pup, which
was not confirmed by Oskinova et al. (2001) or Kahn et al.
(2001) and not in agreement with DAC period determined
by Howarth et al. (1995). Naze´ et al. (2013) analyzed a se-
ries of X-ray observations of ζ Pup which span 10 years.
They detected a slow modulation of the X-ray flux with
a relative amplitude up to 15% over 16 hours in the 0.3-
4.0 keV band. They propose that these modulations can
be attributed to CIRs. The most compelling evidence to
date was given by the Oskinova et al. (2001) analysis of the
rapidly rotating O dwarf ζ Oph. It is the only single O star
that has been observed continuously in X-rays over a full ro-
tational period. These observations showed that the X-ray
variability occurred on a time scale similar to the UV wind
line variability, but they were not long enough to show that
the pattern repeated on the rotation time scale. Unfortu-
nately, there were no simultaneous observations of the wind
activity that could be used to determine the phase relation
between the X-ray and wind activity. Such a relationship
could provide valuable clues about the geometric relation-
ship between the X-ray emitting plasma and the CIRs.
In this paper we present X-ray observations cover-
ing nearly half of a rotation period of the O7 III(n)((f))
star ξ Per, supplemented by optical Hα observations which
bracket the X-ray observations. ξ Per is an ideal candidate
for attempting to make a connection between UV wind line
and X-ray variability. First of all, ξ Per appears to be a per-
fectly normal O7 giant (see, Walborn 1973; Walborn et al.
1985, for descriptions of its optical and UV spectra, re-
spectively). Its only distinguishing feature is that it has a
somewhat high (but not abnormal) rotational velocity of
v sin i = 204 km s−1 (Penny 1996). Because of its moderate
v sin i, its expected rotation period is short enough to be
captured by a time series of manageable duration. This was
done in a detailed study of its UV and optical line variability
by de Jong et al. (2001). They demonstrated the presence of
a well characterized, distinctive 2.086 day period in the UV
wind line variability. This turns out to be roughly half of the
expected rotation period if the star is viewed nearly equator-
on (see their Figure 4). Further, they were able to model
the variability by two sets of two armed CIRs (see, their
Figure 17), with one set of arms dominating the variability.
They were also able to establish a relationship between the
appearance of the discrete absorption components (DACs)
associated with the CIRs and variations in the blue wing of
Hα, which enable us to use Hα variability as a surrogate for
DAC activity. These properties of ξ Per, together with its
relative brightness at X-ray wavelengths, make it an ideal
candidate to determine whether the CIRs that are thought
to modulate the UV wind lines in this star (and possibly all
luminous OB stars with massive winds) might modulate its
X-ray flux as well. To pursue this conjecture, we obtained a
162 ks (0.45 rotation periods and 0.90 periods of the strong
CIR activity) Chandra observation of ξ Per.
The X-ray and optical observations are described in §2,
anlyzed for variability in §3 and discussed in §4.
c© 2002 RAS, MNRAS 000, 1–9
CIR Modulation of X-rays 3
Figure 1. Partial image of the Chandra data of ξ Per in a coordi-
nate frame rotated so that the MEG spectrum is a vertical stripe.
This image contains only events filtered as described in the text.
The spot near the center of the image is the zeroth order image
and the faint diagonal stripe is the HEG spectrum.
2 THE OBSERVATIONS AND DATA
REDUCTION
2.1 X-ray Data
Although a continuous observation of 2.1 d is required to be
certain that the full range of variability is observed, as one
arm of the CIR pattern traverses our line of sight, the max-
imum visibility of ξ Per to Chandra was ∼ 162 ks (1.9 d), or
roughly 90% of the UV wind line modulation period. The ob-
servations were obtained with Chandra’s transmission High
Energy Transmission Grating Spectrometer (HETGS) and
began on 2004 March 22 (MJD = 53086.0904).
The high energy transmission grating, HETG, con-
sists of two sets of gratings; the Medium Energy
Grating (MEG) and the High Energy Grating (HEG)
(Chandra X-ray Center 2012). The events were recorded on
the ACIS-S chips and consist of a ± first order dispersed
spectrum for both the MEG and HEG and a directly trans-
mitted, zeroth order, image. Some spectral information can
be extracted from the zeroth order image through the energy
determined for the individual events. All of the data were
processed with version 3.3 of the Chandra Interactive Anal-
ysis of Observations (CIAO) software package. The newly
reduced data can be found in the ”The Chandra Grating-
Data Archive and Catalog (TGCat)” (Huenemoerder et al.
2011). See the CIAO documents for further information1.
Pile-up (the arrival of two photons near the same lo-
cation between CCD reads) was not a major issue for the
observations. The strongest lines in the MEG spectra only
had count rates of . 1.0 × 10−3 counts s−1 and the count
rate of the zeroth order image was . 0.04 counts s−1. In the
first case, pile-up is completely negligible, and in the latter
it never exceeds 5%. Further, pile up will only mute the am-
plitude of variability and not make a constant source appear
variable.
1 http://cxc.harvard.edu/ciao/intro/
Figure 2. Cross dispersion profiles for the M = ±1 MEG (red)
spectra and M = 0 (black) image. Each profile is the total num-
ber of counts for the order collapsed along the y′ axis shown in
Figure 1. The filtering of the data is described in the text.
We now describe how we filtered the initial data to max-
imize the contribution from the source and minimize back-
ground effects. We utilize the Chandra primary time tag
photon list for our analysis. Specifically, we use the follow-
ing tags attached to each event: x and y, the sky coordinates;
energy, the event energy estimated from the number of CCD
counts it created; grade, the shape descriptor of the CCD
count distribution of the event; time, the time at which the
event was read; tg m, the likely grating order, M , associ-
ated with an event; tg lam, the wavelength for the M = ±1
events based on their location relative to the dispersion, and;
tg part, the probable association of a photon with either the
HEG or MEG spectrum of the zeroth order image based on
its location. See, the CIAO web site for further information.
To simplify matters, we begin by “rotating” the x and
y sky coordinates by θ = −29.31◦, to produce a primed
coordinate system in which the first order MEG spectra are
aligned with the y′-axis. Figure 1 shows a portion of the
detector in the rotated frame. The events in this image have
been filtered as follows: |M | 6 2, ASCA grades of 0, 2, 3, 4, 5
or 6 (as done in normal processing), and 0.4769 6 energy 6
2.0664 keV, which corresponds to the wavelength range of
interest, 6 6 λ 6 26 A˚. The M = 0 image appears as a
spot near the center of the figure, and the MEG M = ±1
spectra are the vertical strips which lie on either side of it.
The faint diagonal stripes are the HEG spectra, which are
not considered further, since they contain very few counts.
We note two important properties of Figure 1. First, the
zeroth order image is localized and resides on a single CCD.
Second, in spite of filtering, there are considerable extrane-
ous events in the cross-dispersion direction, well away from
the center of the MEG M = ±1 spectra. To emphasize this,
we filtered the events list further to produce cross-dispersion
profiles. Figure 2 shows the cross dispersion profiles for the
MEG M = ±1 events collapsed along the y′ axis, compared
to all of the M = 0 events, similarly collapsed. The first
order events were restricted further to include only counts
with tg part = 2 (which eliminates HEG data) and wave-
length tags in the range 6 6 λ 6 26A˚. This last restriction
c© 2002 RAS, MNRAS 000, 1–9
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differs from the energy filtering since it also includes location
on the detector.
Because the events on the wings of the first order cross-
dispersion profile do not appear in the zeroth order image,
they are not from the sky. This is further verified by ex-
amining their spectral signature, which turns out to be fea-
tureless – free of emission lines. Therefore, these counts will
not carry the time dependence of the source and we should
eliminate as many as possible. To do this, we restrict the
first order events to those which lie in the range 2021 6
x′ 6 2035. There are 5782 counts in the refined region, com-
pared to 7580 when all x′ events are included – a reduction
of 31%. Assuming that the source counts are all contained
in the restricted area and that the background counts are
uniformly distributed over the region 1979 6 x′ 6 2077
(see Figure 2) we can estimate the total number of back-
ground and source counts. Let Ns and Nb be the total num-
ber of source and background counts over the region from
1979 6 x′ 6 2077. Now let N1 = 7580 be the observed
counts over the larger region and N2 = 5782 be the observed
counts over the restricted region. Then, N1 = Ns +Nb and
N2 = Ns +Nb × (2035− 2021)/(2077− 1979). Solving these
two equations gives Ns = 5482 and Nb = 2098. Thus, 28%
of N1 are background counts compared to only 5.2% of N2.
Consequently, although some background counts remain in
N2, their effect should not be too great. In contrast, the
M = 0 image has 5915 counts and appears to contain far
fewer background counts. Therefore, it was not filtered any
further.
The filtered events from the zeroth order image and
first order spectra were resampled into 2 hour time bins for
better statistics. Figure 3 compares the two time series. In
this figure, each series was normalized by its mean value for
comparison purposes and the error bars are based on Poisson
statistics from the number of counts in each bin. It is clear
that both series display a general decreasing trend over the
extent of the observation. Therefore, the two were added to
arrive at the summed series shown in Figure 4, where each
bin contains several hundred counts, making it reasonable
to approximate the intrinsic Poisson statistics by Gaussian
statistics.
2.2 Optical Data
While the period of DAC variability in ξ Per is reasonably
well defined, it probably originates from surface features,
and there is no reason to expect long term coherence. Con-
sequently, to determine the phase relation between the X-ray
and DAC variability at the time of the Chandra time series,
we need observations which predict DAC occurrence and are
obtained close to the time of the X-ray observations. To do
this, we use the de Jong et al. (2001) result that variable ab-
sorption of the blue wing of Hα is essentially in phase with
the DACs (see their Table 5). Consequently, Hα observations
were obtained within ∼ ±7 days of the Chandra data, in or-
der to determine the relative phases of the X-rays and the
DACs. Spectra were obtained at three North American sites:
the David Dunlap Observatory (DDO); the Ritter Observa-
tory (Ritter); and the Dominion Astrophysical Observatory
(DAO).
Our optical observations bracket and overlap the X-ray
observations. They begin 6.6 days prior to the Chandra ob-
Figure 3. Total counts in the M = ±1 MEG spectra (red) and
the M = 0 (black) image resampled into 2 hour bins and normal-
ized by their mean counts. The error bars are based on the total
number of counts contained in each time bin.
Figure 4. Total counts in the combined M = ±1 and M = 0
MEG spectra resampled into 2 hour bins.
servations and conclude 7.7 days after. They span a total
of 16.1 days, roughly centered on the Chandra series. Since
de Jong et al. (2001) have demonstrated that the CIR re-
lated spectral features remain well phased over the 9.4 day
interval of their IUE time series, it seems reasonable to as-
sume that they remain in phase over the time interval of our
optical data, which is less than twice as long.
DDO Observations: One high-quality spectrum was ob-
tained with the Cassegrain spectrograph of the DDO 1.88m
telescope. The observation was made through a 242 µm slit
with the 1800 lines/mm grating in first order. The detec-
tor was a Jobin-Yvon thinned, back-illuminated CCD with
2000×800 pixels. This configuration provided a linear recip-
rocal dispersion of 0.153 A˚ per 15 µm pixel. Bias frames,
tungsten lamp flat field observations and Fe-Ar lamp wave-
length observations were obtained immediately before and
after the stellar observation.
Ritter Observations: Three spectra were obtained with
c© 2002 RAS, MNRAS 000, 1–9
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the Ritter 1.06 m telescope. These were obtained with
the bench-mounted e´chelle spectrograph, coupled to the
Cassegrain focus of the telescope by a 200 µm wide optical
fiber. The detector was a front-illuminated EEV CCD with
1200×800 pixels, each of which is 22.5 µm square. At Hα (or-
der 34), the spectrograph has resolving power of 2.6 × 104,
and the entrance slit projects to ∼4.3 pixels. The observed
positions of telluric water vapour lines were first used with
the wavelengths given by Hinkle et al. (2000) to correct non-
linearities in the wavelength scale determined from the com-
parison arc. After telluric correction, the Ritter spectra were
binned by a factor of 2 to improve the S/N.
DAO Observations: The DAO 1.22m McKellar telescope
and coude´ spectrograph were used in “robotic” mode to ob-
tain seventeen spectra on 4 nights. The “9681M” configu-
ration of the spectrograph was used with the SITe-4 CCD
detector, which is a thinned, back-illuminated array of 4096
× 2048 pixels, each of which is 15 µm square. This configura-
tion results in a spectrum with linear reciprocal dispersion of
0.073 A˚/pixel. Additional observations of a tungsten contin-
uum source and Th-Ar emission spectrum were obtained to
provide flat field and wavelength calibrations, respectively.
Standard IRAF2 routines were used to process the CCD
frames obtained at all three observatories. Telluric line con-
tamination was removed by using templates derived from
contemporaneous spectra of the rapidly rotating B7 V α
Leo.
The late March date of the Chandra observations had
two consquences for the ground-based campaign. First, ξ Per
could only be observed for .2 hours at the beginning of
each night. Consequently, a significant phase range of the
2.086-day period could not be covered during a single night,
and nearly the same phase was observed every second night.
Second, the weather is not traditionally very good at any of
the observatories in March. As a result, the phase coverage
is fairly sparse.
Since the phase coverage on any given night was ex-
tremely limited, mean spectra were computed whenever pos-
sible in order to improve the signal-to-noise (S/N) ratio. The
nightly mean spectra are illustrated in Figure 5. We define
the “blue wing” equivalent width of Hα, WB(Hα), as the
integrated mean spectra between (−500,−200) kms−1 of
line center (measured in the stellar reference frame). The
prescription of Vollmann & Eversberg (2006) was used to
estimate uncertainties in WB(Hα).
Table 1 summarizes the optical data. Successive
columns record the heliocentric Julian Data (HJD) corre-
sponding to the mid-point of the mean spectrum; the obser-
vatory; the number of spectra averaged; the exposure time
per spectrum in seconds; the S/N per pixel in the continuum
of the mean spectrum; and WB(Hα) in A˚.
3 ANALYSIS
The mean HETGs spectrum of ξ Per was already presented
by Oskinova, et al. (2006) and Walborn et al. (2009). The
2 IRAF is distributed by the National Optical Astronomy Obser-
vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
Figure 5. Nightly mean Hα spectra obtained contemporaneously
with the Chandra X-ray observations. The abscissa denotes ve-
locity in the frame of the star, for which a systemic velocity of
59.3 km s−1 has been adopted. Spectra are displaced vertically
in proportion to the time difference between them, as indicated
by the left-hand scale. The right-hand scale indicates normalized
flux. To highlight changes, the mean DAO spectrum from 2004-
03-23 is overplotted as a dotted line. Two Ritter spectra have not
been plotted in order to avoid confusion with the other observa-
tions obtained on the same nights.
Table 1. Journal of Ground-Based Observations
HJDa Obs. N b texp [s] S/N c WB(Hα) [A˚]
d
53079.5386 Ritter 1 1987 112 0.25 ± 0.08
53084.7081 DAO 4 1200 397 0.13 ± 0.02
53087.5534 Ritter 1 3600 187 0.17 ± 0.05
53087.6730 DAO 3 1200 264 0.15 ± 0.04
53088.5196 DDO 1 212 211 0.20 ± 0.04
53088.5383 Ritter 1 3600 89 0.18 ± 0.10
53092.6395 DAO 1 1200 238 0.17 ± 0.04
53095.6826 DAO 7 1200 385 0.06 ± 0.02
a HJD − 2,400,000.0 at the mid-point of the mean spectrum.
b Number of spectra.
c S/N per pixel in the continuum of the mean spectrum.
d Measured between (−500,−200) km s−1.
X-ray spectrum is similar to other single O-type stars whose
X-ray line profiles can be described in the context of a
clumped wind model with the X-ray emission originating
relatively close to the stellar photosphere. Therefore, this
work concentrates on the time variability.
If we simply take the standard deviation of the time
series shown in Figure 4, we find that the probability that
the scatter about the mean exceeds the observed value is
15%. Based on this, one might conclude that the evidence
for variability is not very strong. However, this statistic does
not consider the distinct temporal ordering of the devia-
tions. The object of this section is to analyze the observed
trend. We first assess the time variability by subjecting
the un-binned data to the Kolmogorov-Smirnov test. Next,
we examine the form of the autocorrelation function (e.g.,
c© 2002 RAS, MNRAS 000, 1–9
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Chatfield 2004) of the binned data. We then apply three
different models for the time dependence. Next, we exam-
ine a hardness ratio of the data for variability. Finally, we
examine the variability of the Hα spectra.
Unlike a simple χ2 statistic, the Kolmogorov-Smirnov
test accounts for the distribution of the variance in time.
We applied the Kolmogorov-Smirnov test to compare the
unbinned zeroth and first order events, subject to the fi-
nal screening outlined in the previous section, to a uniform,
non-variable, sequence. This test resulted in probabilities of
0.9984 and 0.9233, respectively, that the data were time vari-
able. The difference probably results because the first order
spectra contain more background contamination. The same
test was applied to the combination of the two data sets
and gave a probability of 0.9997 that it is variable. These
results leave little doubt about the reality of the temporal
variability.
To examine the time dependence more closely, we
present the autocorrelation function of the binned time se-
ries in Figure 6. The dashed lines are ±1/√22, which are
the ±2σ limits for the expected values of the elements of
a random sequence with 22 samples (Chatfield 2004). The
fact that the first 3 autocorrelation coefficients exceed this
value is also strong evidence that the series is time variable.
Further, the shape of the autocorrelation function bares no
resemblance to one expected from a random sequence. In-
stead, it is more indicative of a portion of a periodic signal
with its broad, negative minimum near 25 hours (roughly
half of the period), in agreement with expectations.
We next modeled the binned series shown in Figure 4
with three heuristic models:
(i) A linear model, which measures the overall trend in
the data
counts = a1t+ a2 . (1)
(ii) A trigonometric model, to search for evidence of re-
peatability
counts = a1 cos
(
t− a2
2piP
)
+ a3 , (2)
where P is fixed at 2.086d (de Jong et al. 2001).
(iii) An exponential decay model, to characterize the re-
covery from an episodic event
counts = a1e
−t/a2 + a3 . (3)
The results of this exercise are shown in Figure 7 and
are summarized in Table 2. The top panel shows the linear
fit and the bottom panel the cosine fit, replicated to demon-
strate its consistency with a periodic function. We do not
show the exponential fit since it is indistinguishable from
the linear fit. Table 2 lists the fit parameters. There are two
rows for each fit. The first row gives the name of the fitting
function, the free parameters and the probability that the
observed reduced χ2 exceeds the value expected if the as-
sumed functional form were exact. The second row gives the
mono-variate uncertainties of the fit parameters.
The reduced χ2 statistic indicates that the cosine func-
tion provides the best fit, but that it is not significantly bet-
ter than the linear or exponential functions. The coefficient
Table 2. Fit Parameters
Function a1 a2 a3 Probability
linear 569.2 −2.07 – 0.59
±10.0 ±0.39 –
cosine 35.8 7.9 520.8 0.62
±6.5 ±1.7 ±5.0
exponential 573.0 251.0 −2.0 0.53
±3281 ±1585 ±3387
Hα cosine 0.082 25.1 0.150 0.45
±0.022 ±1.6 ±0.014
Figure 6. Autocorrelation function of the time series shown in
Figure 4.
Figure 7. Fits of the total counts shown in Figure 4 to a linear
function (top) and a trigonometric function (bottom). The fit
parameters are given in Table 2.
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Figure 8. The strength of Hα blue-wing absorption fit by the
cosine function given by eq. 2. The fit parameters are listed in
Table 2. The red curve is the same fit, except with the X-ray
value for the phase, a2. The optical data have been wrapped on
the 2.086-day period and phased to the beginning of the X-ray
time series.
errors are extremely large for the exponential because they
are strongly correlated, i.e., the coefficients can be changed
together by large, but related, amounts and still produce a
good fit.
Finally, we examined the time dependence of the hard-
ness ratio. This was done by dividing the combined MEG
M = ±1 andM = 0 spectrum into two bands: a “soft” band
(events with 0.477 6 hν < 0.954 keV), and; a “hard” band
(events with 0.954 6 hν < 2.066 keV). This division gives
comparable counts in each band. We then examined the time
dependence of their ratio in 2 hour bins for variability. The
errors for the ratios were calculated using standard prop-
agation of errors. In this case, no significant evidence for
variability was found. For example, dividing the high en-
ergy bin by the lower energy bin gives 0.790 ± 0.026 over
the first half of the observation and 0.811 ± 0.027 over the
second half. Because the bulk wind opacity scales as ∼ λ−3,
if an overall variability ∼ 15% is due to variable absorption
(as might be caused by periodic occultation by the spiral
CIR pattern), one might expect an even larger variation at
shorter wavelengths. However, this is not observed. One pos-
sible explanation for the absence of wavelength dependence
of the variability is optically thick structures which occult
different fractions of the source of the X-rays. If this is the
case, the X-ray variability and its lack of wavelength depen-
dence may provide powerful constraints on the geometry of
CIRs and the source of the X-rays.
We now turn to the Hα data. Figure 8 shows the
WB(Hα) data fit by the same cosine function used for the
X-rays along with the cosine function phased to the X-rays.
The fit parameters are listed in Table 2. Although the data
are sparse and the error bars large, formally, the fit is quite
good. The Hα and the X-rays are 17.2 hours, or 124◦, out of
phase. This means that when the Hα absorption is strongest,
the X-ray emission is nearly at its weakest.
The major results of this section are that the X-ray
spectrum of ξ Per is variable at the level of ∼ 15% (deter-
mined from the cosine fit parameters), that the variability
is consistent with modulation by the 2.086 day period asso-
ciated with the CIRs, that no variation in the hardness of
the spectrum could be detected, suggesting that the variabil-
ity is due to partial obscuration by optically thick structures
and that the magnitude ofWB(Hα) is distinctly out of phase
with the intensity of the X-rays.
4 DISCUSSION
There are basically two ways to generate X-ray variability.
One is via an impulsive event, and the other is by occult-
ing the source with absorbing gas or the stellar disk, as in
the case of ζ Oph (Oskinova et al. 2001). However, if the
variability were due to an impulsive, flare-like event, it must
have occurred long before the observations (since the form
of the variability is nearly linear, indicative of an exponen-
tial tail). This implies that the event would have been quite
strong. Another possibility would be a flare on an unseen
pre-main sequence companion. However, the X-ray luminos-
ity of ξ Per is ≃ 1.2×1032 erg sec−1 (Oskinova, et al. 2006),
while the X-ray luminosities of PMS stars are typically a
factor of 10 smaller (see, Preibisch & Feigelson 2005). Fur-
ther, the observed spectral change is grey and soft, very un-
characteristic for flare spectra (e.g. Guedel & Naze´ 2009).
While not impossible, either scenario seems unlikely, espe-
cially since the form of the variability and its autocorrelation
function are consistent with cyclical behavior. As a result,
we favor the explanation that the X-rays vary because of
obscuration by intervening material.
In addition to ξ Per, X-ray variability has been observed
in two other single, non-magnetic O stars: ζ Pup (O4 If(n),
Naze´ et al. 2013), and ζ Oph (O9.5 Vnn, Oskinova et al.
2001). Both vary on time scales which may be related to
their stellar rotation periods. An analysis of several years
of X-ray data for ζ Pup showed evidence for variability on
a time scale similar to its DACs, but no single time se-
ries encompassed a rotation period. The best evidence for
the interaction between CIRs and X-rays to date is the
ζ Oph data set. It was observed for ∼ 1.2 days and its
X-ray flux was found to vary by about 20%. Further, this
variation appeared to repeat with a period of about 0.77
days, roughly half of the stellar rotation period and similar
to a period previously determined from its UV wind lines
(0.875± 0.167 days) by Howarth et al. (1993). However, no
information relating the phases of the X-rays and the DACs
was available, so it was impossible to constrain the geometry
of the CIRs and X-rays.
In this paper, we have presented three observational
results which help constrain the relation of the CIRs and
X-rays. These are: X-ray variability, consistent with the pe-
riod observed in the DACs; a constant hardness ratio for the
X-rays, suggesting that the source of the X-rays becomes
partial obscured by optically thick structures along the line
of sight, and; a phase lag of 124◦ between the maximum ab-
sorption on the blue wing of Hα and the maximum strength
of the X-rays.
To interpret our limited set of observations (covering
roughly half of a rotation period) in terms of the geometry
of CIRs requires some constraints. We follow de Jong et al.
(2001) and adopt the following 3 assumptions:
(i) The wind of ξ Per contains two pairs of spiral
arms, with one arm in each pair being much stronger
c© 2002 RAS, MNRAS 000, 1–9
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than the other. We concentrate on the two major
arms, which are equally spaced.
(ii) The wind structures follow streak lines whose shapes
are defined by the stellar rotational velocity, wind velocity
law and terminal velocity. We adopt a rotational velocity
equal to the observed v sin i = 205 km s−1, a velocity law of
the form v = v∞[1 − a/(r/R⋆)], where v∞ = 2420 km s−1
and 1− a = v(r = 1) = 0.01v∞.
(iii) The Hα emission originates near the base of the wind
and is associated with the spiral structures. Since increased
emission reduces WB(Hα), the Hα emission and X-ray vari-
ability are nearly in phase.
In addition, we note that the grey nature of the variability
suggests that the X-ray variations are due to occultation of
the X-ray source by either the stellar disk or wind structures
that are optically very thick to X-rays.
Thus, we seek configurations where the X-ray emission
and Hα emission are roughly in phase. However, even with
these restrictions, there is still considerable latitude in how
the geometry can be arranged. We consider two possibilities,
but others may be possible.
The right panel of Figure 9 shows the first configura-
tion. It places the X-ray emission along the interacting edge
of the spirals. This might be the case if some or most of
the X-rays originate at the fast wind–slow wind interface,
which creates the CIRs. Further, because the velocity dif-
ferential between the fast and slow winds (and, presumably
the potential to produce X-rays) is expected to drop with
distance from the star, one expects most of the X-rays to
originate within ∼ 5R⋆. Thus, viewing the Figure from the
right, we see that the Hα and X-ray emitting regions are
at or near maximum. Then, as the configuration rotates
counter-clockwise, our view would be from below. In this
case, one lobe of the Hα emission and much of the X-ray
emission near the star are occulted by the stellar disk, pro-
ducing a minimum in both. Finally, as the system rotates
further and our view is from the left, and we have returned
to a maximum once again.
For this configuration to explain the observations, the
arms must represent a relatively low density contrast in the
wind since we do not observe spectral changes in the X-
ray spectrum indicative of absorption. This is in accordance
with typical CIR models, where UV DAC formation is at-
tributed mostly to a velocity plateau. However, in contrast
to the classic line driven instability (LDI) model (which pre-
dicts that the X-ray source should be distributed relatively
uniformly throughout the wind) the observed variability im-
plies that the CIRs must account for a large fraction of the
X-rays.
The left panel of Figure 9 depicts a second possible con-
figuration. It consists of a spherically symmetric X-ray emit-
ting region which is heavily weighted toward the inner wind
(in accordance with the LDI model) and two spiral arms. As
before, the Hα emission originates near the base of the spiral
arms. To obtain the X-ray variability, we must assume that
the spiral arms are optically very thick, and that their line
of sight optical depth decreases with distance from the star.
The latter assumption corresponds to the spiral structures
expanding with a constant solid angle, causing their line of
sight column density to decrease as (r/R⋆)
2 near the star.
As a result, sight lines toward the inner wind are strongly
Figure 9. Cartoons of two different configurations of the Hα and
X-ray emitting regions in a wind containing two spiral structures
in the shape of streak lines. In each case, the Hα emitting region
is depicted by two red dots, and the X-ray emitting region by an
aqua region. The coordinates are in units of r/R⋆.
obscured by the spiral arms. When viewed from the right,
the arms present minimal absorption and both the X-ray
emission and Hα emission are at maximum. When viewed
from below, the denser, inner portion of the spiral pattern
occults the X-ray source and both the Hα the X-ray emis-
sion are near a minimum. Finally, when viewed from the left,
both once again return to a maximum.
This configuration agrees with typical LDI models, since
the X-rays are distributed throughout the wind. However,
in contrast to normal CIR models, the spiral patterns must
have large column densities to account for the grey variabil-
ity, and this implies that much of the wind flow is channeled
through the CIRs.
Regardless of which, if either, configuration is cor-
rect, the important point is that cyclical X-ray variabil-
ity is inconsistent with our current understanding of either
wind structure formation, X-ray production, or both. Conse-
quently, it may provide additional clues on how to interpret
wind structure. Further, depending on how the wind mate-
rial is distributed, the CIRs may account for a small frac-
tion of the wind flow, as predicted by normal CIR theory
(Lobel & Blomme 2008) or, if they originate from regions of
localized magnetic activity (Cantiello & Braithwaite 2011),
a much larger fraction. Thus, it is critical to verify our re-
sults if we are to arrive at a self-consistent understanding of
stellar winds and mass loss rates in OB stars.
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